Abstract. Procyanidins can inhibit cell proliferation and tumorigenesis and induce apoptosis in human skin, breast and prostate carcinoma cell lines. Squamous cell carcinoma (SCC) of the skin is a common form of keratinocytic or non-melanoma skin cancer and is a deadly disease with a poor prognosis due to the ineffectiveness of therapy. The present study aimed to determine whether grape seed proanthocyanidin (GSP) may regulate different modes of cell death in the human SCC12 cell line. The present study found that the treatment of SCC12 cells with GSP inhibited proliferation in a dose-dependent manner and reduced the motility and invasiveness of SCC12 cells through suppression of matrix metalloproteinase-2/9 expression. GSP treatment also resulted in induction of apoptosis and autophagy via generation of reactive oxygen species. The inhibition of autophagy by 3-methyladenine decreased GSP-induced cell death, which suggested that GSP-induced autophagy can promote cell death. The results of the present study suggested that autophagy functions as a death mechanism in SCC and provided a rationale for the use of GSP in combination with autophagy activators for treating cancers such as SCC.
Introduction
Grapes are among the most commonly consumed fruits worldwide. Grape seed extract contains lipids, proteins, carbohydrates and polyphenols. Polyphenols have various biological functions and are largely contained in the seeds (60-70%) and skin (30%) of grapes (1) . Among the phenolic compounds, proanthocyanidins are the dominant fraction in grape seeds and are high molecular weight polymers comprised of dimers or polymers of catechin and epicatechin (2) . Grape seed proanthocyanidin (GSP) has a higher antioxidative activity compared with other well-known antioxidants, including vitamin C, vitamin E and gallic acid (3) . GSP has been shown to exhibit a wide range of biological activities, including antioxidant, cardioprotective and anti-inflammatory effects (4) (5) (6) . Furthermore, it was reported that GSP had chemopreventive and antineoplastic effects on breast, prostate, skin and colorectal cancer cells (7) (8) (9) (10) .
Autophagy is an intracellular degradation system in which proteins and organelles are sequestered, degraded and recycled (11) . Autophagy is an important housekeeping process used throughout the body and is involved in the regulation of pathogenesis, including in neurodegenerative and muscular diseases and cancer (12) . Under physiological conditions, autophagy controls intracellular homeostasis and is therefore considered a basal cellular mechanism. In addition, autophagy has been described as an alternative route to cell death (termed autophagic or type II programmed cell death) (13) and an adaptation mechanism to numerous physical stresses, including protein aggregation, genotoxic substances and nutrient loss (14, 15) . Specifically, if a cell's primary mechanism of defense using non-enzymatic molecules, such as flavonoids and vitamins A, C and E, and enzyme-based scavengers, such as catalase, ascorbate peroxidase and superoxide dismutase, fails to achieve the desired outcome under oxidative stress, autophagy acts to remove oxidized materials resulting in protection of the cell (16) . However, oxidative stress is not always overcome by these defense mechanisms, and this results in cell death by autophagy (12) .
Although apoptotic activation in various type of cancer by GSP has been reported, the precise mechanisms of cancer-associated cell death remain unknown. Therefore, the present study aimed to investigate the effect of GSP on a squamous cell carcinoma (SCC) cell line in order to Cell viability analysis. SCC12 cells (5x10 4 cells/well) were seeded into 24-well plates and incubated at 37˚C for 24 h, after which the cells were treated with increasing concentrations of GSP (10, 50, 100 and 200 µg/ml) for 24 h. The cell viability was assessed using Cell Counting kit-8 (CCK-8) assays (Dojindo Molecular Technologies, Inc., Kumamoto, Japan). Briefly, CCK-8 solution (10 µl) was added to each well and incubated for 1 h at 37˚C in a humidified atmosphere containing 5% CO 2 . Absorbance was then measured at 450 nm using a microplate reader (Molecular Devices, LLC, Sunnyvale, CA, USA). The effect of 3-MA on cell death was determined after the cells had been treated for 24 h. Cells were pre-incubated with 3-MA (10 mM) for 1 h prior to the addition of GSP.
Flow cytometric DNA analysis. The collected cells were washed twice with cold PBS, fixed with 70% ethanol for 1 h at 4˚C, treated with 1 mg/ml RNase A (Sigma-Aldrich; Merck Millipore) and then stained with 50 µg/ml propidium iodide (Sigma-Aldrich; Merck Millipore). The relative DNA content per cell was determined using a FACSCalibur™ flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Data were analyzed with CellQuest Pro software (version 4.0; BD Biosciences). The percentage of cells in each phase of the cell cycle was calculated using ModFit LT Software (version 3.0; Verity Software House, Inc., Topsham, ME, USA).
Cell migration assay. SCC12 cells were seeded at a density of 2x10 5 cells/well onto 24-well plates and incubated at 37˚C overnight. Subsequent to the cell monolayer being formed, horizontal lines were scraped onto the bottom of each well using a 200-µl yellow pipette tip. The cells were then washed with PBS and incubated for 6 h with serum-free medium containing 10 or 50 µg/ml GSP. Images of the plates were captured using an inverted microscope equipped with an image capture system (Nikon Corporation, Tokyo, Japan).
Invasion assay. Invasion assays were performed on 24-well Transwell inserts (Costar; Sigma-Aldrich; Merck Millipore) with polycarbonate filters (8-µm pore size). The Transwell inserts were coated with a uniform layer of BD Matrigel™ Basement Membrane Matrix (BD Biosciences). Stable cell lines were resuspended in DMEM/F12 containing 10% FBS and seeded into the upper wells (1x10 5 cells/well) and incubated at 37˚C for 24 h. Invaded cells were fixed in 4% paraformaldehyde, stained with DAPI and counted under a fluorescent microscope at x100 magnification for 5 random fields.
Gelatin zymography. The net gelatinase [matrix metalloproteinase (MMP)-2 and -9] activity of cell culture media supernatants was determined using SDS-containing gels prepared by copolymerizing acrylamide and gelatin at a final concentration of 0.1% (w/v). Samples were dispersed for 10 min at room temperature in Laemmli solubilizing solution from which dithiothreitol had been omitted. Electrophoresis was performed at 10 mA and 4˚C for 3 h. Subsequent to electrophoresis, the gels were incubated for 60 min at room temperature in the zymogram renaturing buffer containing 2.5% (v/v) Triton X-100, followed by 16 h incubation at 37˚C in 50 mM Tris-HCl (pH 7.6) containing 5 mM CaCl 2 . The gels were stained with 0.5% Coomassie Brilliant Blue G-250, according to a standard protocol.
Western blot analysis. The cells were lysed by incubation for 30 min with NP-40 lysis buffer (20 mM Tris, pH 7.5, 140 mM NaCl, 1 mM EDTA) containing 1% (v/v) Nonidet P-40, 5 µM AEBSF, 1.5 nM aprotinin, 10 nM E-64 and 10 nM Leupeptin. Cells were sonicated and centrifuged at 12,000 x g for 10 min at 4˚C to remove insoluble debris. Total proteins (30 µg) were separated by 10% SDS-PAGE and transferred onto a nitrocellulose membrane using semidry transfer apparatus (Trans-Blot SD Semi-Dry Transfer Cell; Bio-Rad Laboratories, Inc., Hercules, CA, USA) at 15 V for 30 min. Membranes were blocked with 5% skimmed milk and incubated with specific antibodies against MMP-2 (1:1,000 dilution; sc-10736; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and microtubule-associated protein 1 light chain 3 (LC3) (1:1,000 dilution; AP1801a; Abgent, Inc., San Diego, CA, USA) at 4˚C overnight. After three washes with Tris-buffered saline containing 0.1% Tween-20, membranes were incubated with horseradish peroxidase-conjugated secondary antibody (1:3,000 dilution; sc-2030; Santa Cruz Biotechnology, Inc.). Protein bands were identified by the enhanced chemiluminescence detecting system (Pierce; Thermo Fisher Scientific Inc.), according to the manufacturer's protocol. β-actin was used as a loading control in the stripped blot.
ROS measurement. Intracellular generation of ROS was determined using 2',7'-dichlorodihydrofluorescein diacetate (DCF-DA; Molecular Probes, Thermo Fisher Scientific Inc.). The dye that integrated into the cells was deacetylated by intracellular esterases. Upon oxidation, DCF-DA is converted to highly fluorescent 2,7-dichlorofluorescein (17) . Briefly, cells were cultured at 37˚C overnight in 6-well plates and then treated with GSP in the presence or absence of N-acetyl cysteine (NAC) for 4 h. The cells were stained with 5 µM DCF-DA in serum-free medium for 15 min and removed from the plate with trypsin-EDTA (Gibco, Thermo Fisher Scientific, Inc.). The fluorescence intensity of the cells was determined by flow cytometry with an excitation wavelength of 480 nm and an emission wavelength of 525 nm (BD Biosciences). Data were analyzed using CellQuest Pro software (version 4.0, BD Biosciences).
Recombinant adenovirus. An adenovirus encoding a green fluorescent protein (GFP)-tagged LC3 (Ad-GFP-LC3) was created using the Virapower adenovirus expression system (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Briefly, a DNA construct encoding GFP fused to LC3 was subcloned into the pENTR vector. Site-specific recombination between entry vectors (pENTR-GFP-LC3) and the adenoviral destination vector (pAd/CMV/V5-DEST) was performed with LR clonase II (Invitrogen; Thermo Fisher Scientific, Inc.). All constructs were verified by performing Sanger dideoxy sequencing analysis (Bioneer Inc., Seoul, Korea). The verified clone (pAd-GFP-LC3) was linearized using Pac I (New England Biolabs, Inc., Ipswich, MA, USA) and then transfected into 293A cells with Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.). Subsequent to amplification, viruses from the culture supernatants of 293 cells that showed cytopathogenic effects were purified using the Adeno-X™ Virus Purification kit (BD Biosciences) and viral titers were determined using a plaque-forming assay with serial dilutions. Briefly, the cells were plated onto 6-well plates at a density of 1x10 5 cells/ml and infected with recombinant adenoviruses at a multiplicity of infection of 10 on the following day.
Detection of autophagy. Cells were infected with Ad-GFP-LC3 adenovirus and treated with different concentrations of GSP for 12 h. GFP-LC3 protein puncta-formation in the cells was observed under a confocal microscope (Olympus FV-1000; Olympus Corporation, Tokyo, Japan).
Statistical analysis. Data were analyzed using a two-tailed Student's t-test. Statistical analyses were performed using SPSS software, version 7.0 (SPSS Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

GSP induces cell cycle arrest and apoptosis in SCC12 cells.
The effect of GSP on cell viability in human SCC12 cells was examined using CCK-8 assays. GSP caused a dose-dependent reduction of SCC12 cell viability, and treatment with 100 µg/ml GSP for 24 h resulted in an ~50% reduction in cell viability (P<0.01; Fig. 1 ). Flow cytometry was used to investigate whether the reduction of cell viability by GSP was due to apoptosis. Apoptosis was evaluated by the measurement of the number of cells in the sub-G1 region. As shown in Fig. 2A and B, GSP induced a significant and dose-dependent increase in the percentage of cells in the sub-G1 region (P<0.05 at 50 µg/ml GSP, P<0.01 at 100 and 200 µg/ml GSP). These data indicate that the anti-proliferative effect of GSP on SCC12 cells may be associated with the induction of apoptosis.
The present study next investigated the possible effect of GSP on cell cycle progression. GSP treatment resulted in an increase in the number of cells in the G 2 /M phase of the cell cycle, while the number of cells in the G 0 /G 1 phase was decreased compared with the control (P<0.05 at 100 µg/ml GSP, P<0.01 at 200 µg/ml GSP; Fig. 2C ). This result indicates that GSP treatment induces the G 2 /M arrest in SCC12 cells.
GSP inhibits the motility and invasiveness of SCC12 cells through suppression of MMP-2/9 expression. SCC12 cells have previously been reported to have a high metastatic potential and GSP has been shown to inhibit the migration of cancer cells by disrupting the mitochondrial pathway and increasing the activation of caspase-3 (18) . However, the mechanism underlying the inhibitory effect of GSP on the motility of SCC cells has yet to be investigated. Therefore, the effect of GSP on the motility and invasive abilities of SCC12 cells was analyzed in the present study. Cell motility was investigated with a wound-healing assay. GSP-treated SCC12 cells showed a marked reduction of cell motility compared with the control (Fig. 3A) . Using the Matrigel invasion assay, a decrease in cell invasion was observed in GSP-treated SCC12 cells, as compared with the control (Fig. 3B) . Subsequently, the effect of GSP on the activities of MMP-2 and -9 was evaluated using a gelatin zymogram analysis, and it was shown that GSP inhibited the activities of MMP-2 and -9 in SCC12 cells in a dose-dependent manner (Fig. 3C-a) . Since the inhibition of MMP-2 and -9 activities is associated with the expression level of MMP-2 and -9, the present study evaluated the expression levels of MMP-2. GSP downregulated the protein expression of MMP-2 in SCC12 cells (Fig. 3C-b) .
GSP induced-cytotoxicity of SCC12 cells involves autophagic cell death and apoptosis.
To assess the effect of GSP on autophagy induction, the present study performed two independent LC3 analyses: LC3-II production and formation of GFP-LC3 puncta. Upon induction of autophagy, LC3 is lipidated and aggregates onto the membranes of autophagic vacuoles (19) . Following treatment with 100 µg/ml GSP, the protein expression of LC3-I and LC3-II was increased in a time-dependent manner (Fig. 4A) . To further confirm GSP-induced autophagy, a recombinant adenovirus expressing the GFP-LC3 fusion protein was created and whether GSP was able to promote GFP-LC3 puncta formation, an indicator of autophagosome generation (20) , was investigated. Ad-GFP-LC3-infected SCC12 cells were treated with GSP and the GFP-LC3 fusion protein was visualized under a confocal microscope. GFP-LC3 was observed to form punctate structures and the number of GFP-LC3 puncta was increased in a dose-dependent manner (Fig. 4B) . The GFP-LC3 exhibited a diffuse nuclear and cytosolic distribution in control cells.
Autophagy has also been implicated in a type of programmed cell death type II termed autophagic cell death (13) . The present study next examined whether, besides apoptosis, GSP was able to induce autophagic cell death. Cell viability assays were conducted using cells exposed to GSP in the presence or absence of 3-methyladenine (3-MA), an autophagy inhibitor. Pre-treatment of the cells with 3-MA significantly reduced GSP-induced cytotoxicity (GSP vs. 3-MA+GSP, P<0.05; Fig. 5A ), but failed to block GSP-induced apoptosis (Fig. 5B) . These results suggest that the anti-proliferative activity of GSP may result, at least in part, from autophagy-mediated cell death.
ROS modulation is involved in GSP-induced apoptosis and autophagy.
The intracellular ROS level was determined using the ROS-sensitive fluorescent dye DCF-DA. ROS accumulation increased in a dose-dependent manner in GSP-treated SCC12 cells (Fig. 6A) . However, GSP-induced ROS generation was significantly blocked by pretreatment of the cells with the antioxidant agent, NAC (Fig. 6B) .
To determine whether elevated ROS levels mediate the cytotoxic effects of GSP, the effects of antioxidant agents on cell viability was examined. Cells were pretreated with 10 mM NAC and then treated with 100 µg/ml GSP for an additional 24 h. As shown in Fig. 7A , GSP-induced cell death was significantly prevented by pretreatment with NAC (GSP vs. NAC+GSP, P<0.01). These results suggest that GSP-induced apoptosis and autophagy may be associated with its activity in enhancing the intracellular levels of ROS. To investigate this possibility, it was first determined whether preincubation with NAC was able to inhibit GSP-induced apoptosis. Notably, pretreatment with NAC significantly suppressed GSP-induced apoptosis of SCC12 cells (GSP vs. NAC+GSP, P<0.01; Fig. 7B ). To further analyze the involvement of ROS in autophagy, the effect of GSP on autophagic activation in the presence of NAC was assessed. GFP-LC3 puncta formation by GSP was markedly impeded in the presence of NAC (Fig. 7C ). These observations suggest that GSP-induced oxidative stress may activate apoptosis and autophagy pathways in SCC12 cells. Based on the results obtained, the present study has proposed a mechanism for GPS-induced cell death (Fig. 8) that involved ROS-mediated activation of autophagy and apoptosis.
Discussion
The present study aimed to investigate the effects of GSP on SCC12 cells, and various responses were detected. The proliferation of SCC12 cells was systemically inhibited by GSP in a dose-dependent manner. In previous studies, apoptosis was thought to be the cause of the GSP-mediated inhibition of cancer cell proliferation (7) (8) (9) (10) 18) . These anti-proliferative effects may be attributed to alterations in various intracellular mechanisms, including suppression of cellular proliferation, growth arrest at cell cycle checkpoints and enhanced apoptosis induction (21) . Numerous cancer cells have been shown to have defects in the cell cycle, which allows them to proliferate uncontrollably. Conversely, in normal cells, cell cycle progression is regulated by cell cycle check points (22) . The majority of the chemopreventive agents induce either G 1 /S phase or G 2 /M phase arrest, which prevents uncontrolled cell division (23, 24) . In the present study, the cell growth inhibition induced by GSP was associated with a moderate accumulation in the G 2 /M phase of the cell cycle, with a corresponding decrease in the percentage of G 1 phase cells. Additionally, a noticeable sub-G 1 apoptotic population was evident in the histogram of SCC12 cells treated with various concentrations of GSP, and the size of this population increased in a dose-dependent manner.
To the best of our knowledge, the present study is the first to report a novel function of GSP: The induction of autophagy, as shown by activation of the autophagosomal marker LC3.
Autophagy may have proapoptotic or antiapoptotic functions depending on the cell type and stimulus (25) . The present study provides evidence to show the induction of autophagic and apoptotic machineries in SCC12 cells upon treatment with GSP, suggesting that GSP induces cell death by apoptosis and autophagy. These results were not unexpected, as numerous natural products are known to possess antioxidant and anticancer properties (26) (27) (28) . In a previous study, GSP inhibited oxidative stress-induced apoptosis by elevating the cellular antioxidant capacity (29) . Conversely, other studies reported that GSP exerted antiproliferative activity by inducing the apoptosis of cancer cells (7) (8) (9) (10) 18) . Despite the antioxidant action of GSP, the present study demonstrated that GSP exhibited pro-oxidant activity resulting in selective cell death of SCC12 cells. Figure 6 . GSP induces ROS production in SCC12 cells. (A) Cells were treated with vehicle control or GSP (indicated doses) for 6 h. To determine intracellular ROS levels, the cells were incubated for 15 min with the ROS-sensitive fluorophore DCF-DA (5 µM). ROS production was determined by fluorescence-activated cell sorting analysis. (B) Cells were treated with GSP (50 µg/ml) in the presence or absence of NAC (10 mM) for 6 h, followed by incubation with DCF-DA (5 µM). Cells were examined by flow cytometry. GSP, grape seed procyanidins; ROS, reactive oxygen species; DCF-DA, 2',7'-dichlorodihydrofluorescein diacetate; NAC, N-acetyl cysteine. In certain situations, apoptosis and autophagy can occur simultaneously in cells, such that their regulation can be coordinated and the same proteins are involved in both processes. One possible mechanism for simultaneous induction of both apoptosis and autophagy is the stimulation of ROS production. ROS have been shown to regulate apoptosis and autophagy (30, 31) . The results of the present study suggested that GSP-induced ROS generation caused apoptosis in SCC12 cells, as confirmed by the progression of GSP-treated cells through the sub-G1 phase when also pretreated with NAC. However, pre-treatment of SCC12 cells with 3-MA, an autophagy inhibitor, increased the cell viability, suggesting the presence of an additional mechanism for cell death. The present study hypothesized that GSP-generated ROS also regulated autophagy. Accumulation of LC3-II and GFP-LC3 puncta in SCC12 cells treated with GSP was also observed. However, this autophagic process was diminished by NAC pretreatment of SCC12 cells. Autophagy is a well-established process that controls cell survival and death (11) . Autophagy generally stimulates cell survival by sequestering and removing damaged proteins or organelles from cells under conditions of physiological stress (16) . The degradation of proteins and/or organelles by autophagy provides essential nutrients necessary for cell survival under certain extreme stress conditions such as starvation or hypoxia. However, cell death may be triggered by the persistent autophagic degradation of proteins or organelles (16) . Figure 8 . Diagram illustrating the action of GSP in regulating invasion, apoptosis and autophagy in SCC12 cells. GSP inhibits invasion of SCC12 cells by reducing matrix metalloproteinase-2 expression and activity. GSP also induces apoptosis and autophagic cell death in SCC12 cells, accompanied by increased intracellular ROS production, but the exact mechanism by which this is brought about has to be investigated. GSP, grape seed procyanidins; ROS, reactive oxygen species; 3-MA, 3-methyladenine. Ad-GFP-LC3-infected SCC12 cells were pre-incubated with 10 mM NAC for 1 h prior to 6 h incubation with 100 µg/ml GSP. Cells were fixed and examined under a confocal microscope (magnification, x200). ROS, reactive oxygen species; NAC, N-acetyl cysteine; GSP, grape seed procyanidins; FACS, fluorescence-activated cell sorting; Ad, adenovirus; GFP, green fluorescent protein; LC3, microtubule-associated protein 1 light chain 3; CTL, control.
In conclusion, GSP inhibited the growth and invasion of SCC12 human cells, and induced ROS-mediated apoptotic and autophagic cell death. These findings provide insights into the association between apoptosis and autophagy induced by GSP, and suggest that regulation of ROS generation and autophagy may be a potential treatment option for SCC.
